Light scattering by Josephson vortices is theoretically predicted. An experimental set-up for the observation of the effect is proposed. The magnetic field should be parallel to the CuO2 layers and the crystal surface. The falling light should be at grazing angles, and the Bragg scattering must be almost backscattering. The distance between the columns of the Josephson vortices must be slightly smaller than the light-wavelength. The surface should be very clean and flat in order light scattering by surface terraces and surface roughness to give the relatively small background.
I. INTRODUCTION
The purpose of the present work is to attract the attention of the experimentalists to the possible existence of a new effect in the physics of the layered high-T c cuprates -the light scattering by the Josephson lattice as by a grating made from a non-transparent material.
II. MODEL
For the description of a typical layered superconductor like the high-temperature superconductor (HTSC) YBa 2 Cu 3 O 7 we use the Lawrence-Doniach (LD) model 1 of the Josephson-coupled superconducting layers. In this model the material is treated as a stack of superconducting planes, separated by an insulating material. When the spacing between the layers tends to zero, the effects of the microscopic layered structure are averaged out, and the LD model reduces to the anisotropic GinzburgLandau model. In the latter the anisotropic nature of the material appears only in the form of a mass tensor with unequal principal values.
The LD Gibbs free energy of the superconducting layers parallel to the xy plane and stacked along the z-axis is given by
where c 0 is the spacing between the superconducting layers, ρ = (x, y) is the two-dimensional in-plane radiusvector. The superconducting layers are enumerated by an integer n, with the coordinate of the n-th layer z n = nc 0 (see, for instance, Fig. 4 in Part II of Ref. [3] )
are the three-dimensional vector-potential and spacevector. B(r) is the external magnetic field.
In the representation when the order parameter is the wave function of the superconducting electrons, the free energy density F n of the n-th superconducting layer from the LD functional Eq. (1) is given by
where α(T ) and β(T ) are Ginzburg-Landau parameters, which are constant in space but depend on temperature, Ψ n ( ρ) and θ n ( ρ) are the wave function and the superconducting phase only defined on the n-th plane, M and m * are the effective masses of the Cooper pairs for the motion along the z-direction and in the xy-plane (the coordinate axes were chosen in such a way, that they coincide with the principal directions of the mass tensor of the Cooper pairs), e * = 2e is the charge of the Cooper pairs, ∇ 2D is the 2D gradient in the xy plane, A n ( ρ) = A( ρ, nc 0 ), n = 0, ±1, .., is the restriction of A to the n-th superconducting plane. The presence of the vector-potential in the free energy, Eq. (3), is due to the gauge invariance, the phase of the order parameter has to come in the combination θ − e * /hc A · dr. Thus enclosed in the round brackets in the third line of Eq. (3) is the gauge-invariant phase difference. This is also the discrete analogue of the corresponding gradient term.
The material is isotropic and homogeneous in planes parallel to the superconducting layers. However, in the perpendicular direction the superconducting behavior is governed by the anisotropy parameter
The third line in Eq. (3) describes the Josephson interaction between the layers. We consider the case of a extremely anisotropic superconductor ξ c ≪ c 0 , where ξ c (T ) =h/ 2m * |α(T )| is the coherence length transverse to the layers direction (when it exists in the continuous limit of c 0 → 0). In this case, since the center of a vortex parallel to the layers is located in the middle of the two adjacent planes, both SCsuperconducting planes are far from the normal vortex core of size ξ c in the transverse direction, which is supposed to exist in the continuous limit. Therefore, in the third line of the Josephson interlayer coupling term Eq. (3), for the Cooper pair wave function was substituted its equilibrium value Ψ n ( ρ) = Ψ GL e iθn( ρ) , where the modulus is
and roughly equals the average superconducting density. Variation of the LD functional, Eq. (1), with respect to the parallel and the transverse components of the vectorpotential δF /δ A n = 0 and δF /δA z = 0 , gives the inplane current
with the total current in the perpendicular to the zdirection given by j xy = c 0 n δ(z − nc 0 )j n , and the Josephson current between the n-th and the (n + 1)-st layers
where j J = (c/4πλ 2 c )(hc/e * )/c 0 is the Josephson critical current, and λ ab = m * c 2 /4πne * 2 and λ c = λ ab Γ are the London penetration depths (n ≈ Ψ GL ).
Variation of the LD functional, Eq. (1), with respect to the phase δF /δθ n = 0, gives the charge conservation law ∇ 2D j n + j n,n+1 z − j n−1,n z /c 0 = 0. Using the latter and Eqs. (6, 7), one can obtain the vortex-conditions for the gauge invariant phase difference. A typical Josephson vortex in a layered compound is shown in Fig. 19 in Part II of Ref. [3] . The magnetic field is along the y-axis. The vortex is flattened out along the anisotropy z-axis. The structure of the vortex depends on the relation between the London penetration depths λ ab , λ c and the so-called Josephson screening length λ J = c 0 Γ.
A. Continuous approximation
In the continuous limit of c 0 → 0 the expression in the square brackets in the third line of Eq. (3) transforms to
and correspondingly the Lawrence-Doniach functional, Eq. (1), reduces to the anisotropic Ginzburg-Landau, or effective mass, functional. Variation of the anisotropic Ginzburg-Landau functional (at a zero external field and a zero vector-potential) gives the static Ginzburg-Landau equation for uniaxial superconductor
y , and
is the continuous limit of the discrete second derivative.
B. Isotropization for extremely type-II superconductors
After the rescalingz
with the anisotropy parameter Γ from Eq. (4), the anisotropic Eq. (8) transforms to the isotropic GinzburgLandau equation
with the Laplacian
and Ψ GL being the modulus of the superconducting order parameter for vortexfree space homogeneous phase by Eq. (5) and ξ c is the coherence length in the z-direction. The solution of Eq. (10) in the case of a vortex filament with an axis parallel to the y-axis is well known
where √ x 2 +z 2 is the distance from the axis of the filament, φ = arctan(z/x) is the polar angle round the axis, and f (η) is found from the equation
The plot of the function f (η) is shown in Fig. 4 in paragraph 30 of Ref. [2] f (0) = 0 and f (∞) = 1. Thus, in the continuous limit and in the curved space (x,z), the vortex is round and the coherence length ξ c is the radius of its normal core.
However, in our space (x, z) the vortex is oblate. Also, one has to take into account the discrete nature of the material. For a qualitative evaluation of the effect considered in this Letter, we use a trial function which is exact for the isotropic extremely type-II superconductors. To obtain this trial function, one substitutes the rescaled discrete coordinatesz = (n − 1/2)c 0 Γ of the planes in the solution (11) of the Ginzburg-Landau equation for isotropic superconductor
where R n (|x|) = Ψ GL f ( x 2 + (n − 1/2) 2 c 2 0 Γ 2 /ξ c ) with f (η) defined by Eq. (12), and θ n (x) = arctan (n − 1/2)c 0 Γ x
being the non-homogeneous superconducting phase in the n-th plane.
III. ELASTIC LIGHT SCATTERING
Now let us analyze the Josephson current induced by the high-frequency vector-potential of the scattered light. The static vector-potential of the Josephson vortex has a negligible influence, and the Josephson formula for the current Eq. (7) gives
where A
(in) z
The vector-potential created by the n-th current term in the Fourier sum Eq. (22), which corresponds to the n-th diffraction maximum, is
